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Abstract
We propose to interpret the possible resonance seen in di-photons at the LHC at
750 GeV as a bound state of a new pair of heavy gluons associated with an enhanced
color gauge invariance. These have a conservation law which enforces their pro-
duction and decay in pairs and hence requires that the leading coupling to quarks
is quadratically through a dimension 5 operator.
One way to realize these hypotheses is if the SU(3) color gauge invariance is en-
hanced to SL(3, C), while at the same time promoting the internal metric, which picks
out what is a unitary transformation, to a dynamical degree of freedom. This theory
was first proposed by Cahill[3], Dell[4], Kim and Zee[5], and Julia and Luciani[6]. The
dynamical internal metric spontaneously breaks SL(3, C) to SU(3) giving a mass to
the vector bosons associated with the generators in SL(3, C)/SU(3). The coupling to
the internal metric also ensures that the energy is bounded from below. The new state
is produced by gluon fusion and decays to a pair of photons via a coupling to a new
set of vector quarks allowed by the symmetries.
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1 Introduction
Recently the ATLAS and CMS collaborations have found an excess of diphoton events
with a 3.9σ and 2.6σ stastistical significance respectively[1, 2]. The data suggests a 750
GeV resonance in the diphoton invariant mass spectrum. This excess may turn out to
be a statistical fluke, but it is possible that it is the result of physics beyond the standard
model, in particular, a new state.
In this note we suggest that the new state could arise as the bound state of a pair of
heavy gluons (i.e. a color octet of massive vector mesons) if their dynamics is subject to a
conservation law that requires they be created and annihilated in pairs.
There is a natural framework for this hypothesis. A vector octet with the required
properties can arise from an enhancement of the SU(3) color gauge symmetry to an
SL(3, C) gauge symmetry[3, 4, 5, 6]. This provides a highly constrained model which
we will suggest may be consistent with what we know of the new state.
Thus far, a variety of models have been put forward to explain what the new state
could be1. These have a range of motivations. But note that the one thing that we can
be sure must happen beyond the standard model is a unification with gravity. It is then
interesting that the extension of the color gauge group we describe is intimately tied with
an idea as to how the standard model can be united with gravity[4].
Indeed, the motivation for the extended gauge symmetry comes from an analogy to
the equivalence principle. In SU(N) Yang-Mills theory, the degree of freedom is a connec-
tion. But note that the theory implicitly depends on the choice of a metric on the internal
space, q, which defines what a unitary transformation is. In Yang-Mills theory this in-
ternal metric is fixed and non-dynamical. Meanwhile, gravity is usually formulated as a
dynamical theory of a spacetime metric, gµν , whose connection Γλµν is a slave to it.
The key is to understand that both metrics express a symmetry breaking[4]. In gen-
eral relativity, the metric distinguishes the local Lorentz frames, carried by freely falling
observers. This breaks local GL(4, R) invariance of the tangent space to SO(3, 1), which
are the local Lorentz transformations that preserve gµν . In Yang Mills theory the internal
metric, q, distinguishes the local SU(N) invariance from a more general SL(N,C) invari-
ance.
In general relativity, the equivalence principle asserts that you can always go to a
freely falling frame by picking a gauge that reduces the metric locally to the Lorentz met-
ric. By analogy, if we wish to extend the equivalence principle to Yang-Mills theory, we
can extend the gauge invariance of that theory from SU(N) to SL(N,C), and simulta-
neously promote the internal metric q to a dynamical degree of freedom. As in general
relativity, we can always fix the gauge such that q = 1.
The extension of Yang-Mills theory in which the gauge group is enhanced to SL(N,C),
while the internal metric q becomes dynamical, was invented independently by Cahill[3],
Dell[4], Kim and Zee[5], and Julia and Luciani[6]. The quantum theory was studied in
1For a small, unsystematic sample, see [18, 19, 20].
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detail in [8, 9, 10].
There are three main results which are possibly relevant for particle physics. First,
there is a natural, indeed mandatory, mechanism for spontaneous symmetry breaking, by
which SL(N,C) gauge symmetry breaks spontaneously to SU(N). The gauge fields in the
non-compact directions SL(N,C)
SU(N)
get masses, M . We call these the E-bosons, for enhanced
gauge symmetry. There is no higgs field, rather the longitudinal modes of the gauge fields
valued in SL(N,C)
SU(N)
“eat” the degrees of freedom of the internal metric. The mass scale M
arises because, as in general relativity, the metric is dimensionless and its dynamics at
lowest order is governed by a dimension 2 term. Below that mass scale we have SU(N)
Yang-Mills theory.
Second, the Hamiltonian of the theory is bounded from below, because of the role
the dynamical internal metric plays in the action[8]. Had we just extended SU(N) to
SL(N,C) in the Yang-Mills action, this would not be the case and the theory would be
unstable, because the Killing form of non-compact groups is not positive definite2.
Third, the theory incorporates a new parity symmetry, which is called E-parity, which
implies that the massive vector mesons can only be created or annihilated in pairs.
To summarize, the resulting theory describes an SU(N) Yang-Mills theory coupled
consistently to a set of massive vector bosons in the adjoint representation, which rep-
resent the SL(N,C)/SU(N) generators. This expresses a new realization of dynamical
gauge symmetry breaking in which the mass of a vector meson arises when the longi-
tudinal mode of the gauge fields associated to the SL(N,C)/SU(N) generators absorbs
the degrees of freedom of the internal metric3. The theory has overall local SL(N,C)
gauge symmetry and global E-parity, so the interactions are tightly constrained. At the
level of effective field theory relevant for the LHC observations there are two new free
parameters: the mass M and a new gauge coupling constant f 2.
Our proposal is that the new state possibly seen at the LHC is a bound state consisting
of a pair of these new vector bosons, which arise from enhancing color SU(3) to SL(3, C),
confined into a color and Lorentz singlet. This determines the mass M ≈ 375 GeV .
Because of E parity, this bound state does not couple easily to photons, but the rate to
photons can be enhanced to agree with the possible new observations if one couples it to
new heavy vector quarks, as shown in Figure 1.
This has immediate implications for a few further states which must exist if this in-
terpretation is correct. One is a single E coloured singlet, which can be thought of as a
bound state of an E meson with a gluon, of roughly mass M . This is E parity odd and
while subject to annihilation in pairs is otherwise long lived. This is a possible candidate
for a component of strongly interacting, dark matter, and would have to evade limits on
2As Dell suggested in [4], this extension of the equivalence principle may be the key to unifying gravity
and Yang-Mills theory. One does this by embedding the Einstein-Yang-Mills theory in a new theory where
both metrics and both connections are dynamical[4]. This idea that the metric and connection are indepen-
dent has turned out to be key for quantum gravity[11, 12] and plays a role in some supergravity models[6],
but here we will be concerned only with its implications for elementary particle physics.
3A possible application to electroweak symmetry breaking was explored in [7].
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such. (Thus it is likely at best only a small component of the dark matter.) There must
also be colour singlets of a E boson bound with a quark-antiquark pair that decay like
very heavy mesons. Additionally, we expect a spectrum of excited states of the bound
pair, with spacings analogous to those of quarkonium, of order α2SM . These will decay to
the ground state singlet through emission of gluons.
In addition, if the same enhancement occurs for the electroweak SU(2) × U(1) we
expect heavy photons, W ’s and Z”s.
At this early stage, any proposal for the interpretation of the new resonance is likely to
be wrong, and we must caution that, given the look-elsewhere effect, even our confidence
that this state is real cannot be high. But given the motivation in terms of an extension of
the equivalence principle, this is a possibility to be explored.
We should note right away that the theory as originally written down in [3, 4, 5, 6] is
not perturbatively renormalizable[8]. It is best regarded as an effective field theory, and
this is how we will treat it here, postponing the issue of its ultraviolet completion.
One completion which has been studied comes by writing the full action contain-
ing terms of dimension four or less[9]. This action is perturbatively renormalizable and
ghost free, but there are so far unresolved issues with the stability of the perturbative
vacuum[9]. These issues may be resolvable as they do not, as in gravity, involve higher
derivative instabilities, but we will not attempt to resolve them here4. The difficulties
with stability can however be pushed off to an arbitrary higher mass scale,
√
hM where
h >> 1 is a free parameter of the fully renormalizable action. Thus we can treat the theory
relevant for the physics at and above scale M , as we do the Einstein theory, as an effec-
tive low energy action, in which case we deal with a stable theory whose Hamiltonian is
positive definite[8].
We should also note that our theory has some similarities with-but also key differences
from-the proposal[18] that the QCD color gauge symmetry is the diagonal subgroup of a
local SU(3)⊕SU(3) gauge symmetry, which is spontaneously broken to SU(3). There the
heavy gluons live in the coset SU(3)⊕SU(3)
SU(3)d
in contrast to the theory described here, where
they live in SL(3,C)
SU(3)
. As a result, they have no conservation law analogous to E parity.
In the next section we write down the effective action governing this enhancement.
Section 3 reviews the basic physics of these models as preparation for section 4 when we
discuss briefly the possible implications for recent experimental results.
2 The extended gauge theory model
We extend the colour SU(3) gauge theory to an SL(3, C) gauge theory, following Cahill[3],
Dell[4] and others[5, 6, 8, 9]. A spontaneous breaking of SL(3, C) to SU(3) is implemented
by making the hermitian metric on the fundamental three dimensional representation dy-
4Possible mechanisms to resolve them include asymptotic safety[16] and the Lee-Wick mechanism[17].
Or it might require completion in some very different theory.
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namical. This metric will be denoted qαβ . The SL(3, C) connection is ω βµα and its curvature
or field strength is F βµνα. The theory is described by an effective action
S =
∫
d4xL (1)
where,
Leff = − 1
4g21
Tr[q−1F †µνqF
µν ]− 1
8g22
Tr[FµνF
µν + F †µνF
†µν ]
+
M2
8
Tr(q−1∇µq)(q−1∇µq) (2)
where spacetime indices, µν are raised and lowered by the Minkowski metric, ηµν .
This effective action fails to be perturbatively renormalizable and thus it requires an
ultraviolet completion. One approach to this studied in [9] is to simply include all the
dimension 4 terms consistent with the symmetries. This gives us,
L = − 1
4g21
Tr[q−1F †µνqF
µν ]− 1
8g22
Tr[FµνF
µν + F †µνF
†µν ]
+
M2
8
Tr(q−1∇µq)(q−1∇µq)− 1
8h
Tr(∇2q−1∇2q)
− λ1
32
[Tr(q−1∇µq)(q−1∇µq)]2 − λ2
32
[Tr(q−1∇µq)(q−1∇νq)]2 (3)
Note that the term proportional to h−1 has higher derivatives, making the situation ini-
tially appear to be analogous to general relativity. But the situation is in fact different
from general relativity, because the higher derivatives can be eliminated by an appropri-
ate choice of gauge. We will see this shortly.
We note that the actions (2,3) have a symmetry, called E parity:
ωµ → −ω†µ, q → q−1 (4)
This plays a crucial role in the following.
The internal metric q breaks the SL(3, C) gauge symmetry into the SU(3) symmetry
that preserves q and the transformations in SL(3, C)/SU(3) that change q. The connection
can be split into the metric compatible part, which is antihermitian with respect to q, and
so generates SU(3), called Aµ, and the hermitian part with respect to q, Bµ, which has
components in SL(3, C)/(SU(3)).
ωµ = ıAµ +Bµ (5)
where
ıAµ =
1
2
(
ωµ − q−1ω†µq
)
(6)
Bµ =
1
2
(
ωµ + q
−1ω†µq
)
(7)
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The action of E parity is then,
Aµ → q−1Aµq, Bµ → −q−1Bµq (8)
Because Bµ is the matrix compatible part of the connection we have
q−1∇µq = q−1∂µq − 2Bµ (9)
We write Fµν in terms of these fields
Fµν = ıGµν +Wµν (10)
where
Gµν = fµν(A) + [Bµ, Bν ], Wµν = DµBν −DνBµ (11)
We can compute to find
q−1F †µνq = −ıGµν +Wµν + [q−1∇µq, Bν − ıAν ]− [q−1∇νq, Bν − ıAµ] (12)
We can now rewrite the renormalizable lagrangian
L = − 1
4g2
Tr[GµνG
µν ]− 1
4f 2
Tr[WµνW
µν ]
+
M2
8
Tr(q−1∂µq − 2Bµ)(q−1∂µq − 2Bµ)− 1
8h
Tr(∇2q−1∇2q)
− λ1
32
[Tr(q−1∂µq − 2Bµ)(q−1∂µq − 2Bµ)]2 − λ2
32
[Tr(q−1∂µq − 2Bµ)(q−1∂µq − 2Bν)]2
− 1
4g21
Tr[(ıGµν +W µν)(q−1∂µq − 2Bµ, Bν − ıAν ]− [q−1∂µq − 2Bµ, Bν − ıAµ])]
− 1
4g22
Tr[−ıGµν +W µν ][[q−1∂µq − 2Bµ, Bν − ıAν ]− [q−1∂µq − 2Bν , Bν − ıAµ]]
− 1
8g22
Tr[[q−1∂µq − 2Bµ, Bν − ıAν ]− [q−1∂νq − 2Bµ, Bν − ıAµ]]
×[[q−1∂µq − 2Bµ, Bν − ıAν ]− [q−1∂νq − 2Bν , Bν − ıAµ]] (13)
where we have redefined the coupling constants
1
g2
=
1
g21
+
1
g22
,
1
f 2
=
1
g21
− 1
g22
. (14)
g2 is the QCD coupling constant, while f is a new coupling constant.
Both g2 and f 2 have to be positive definite. A calculation [9] shows that both are
asymptotically free in the absence of fermions.
When we come to the quarks we note that the standard coupling,
LΨ = Ψ¯γµ∇µΨ + h.c. (15)
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involves only the Aµ. Indeed it appears that there are no couplings of the E-bosons to
chiral fermions, consistent with E-parity, at least at low order.
If we want the E’s to couple to fermions preserving E-parity, we have to introduce
new, vector-like or non-chiral quarks. Assuming we do so, the leading direct coupling
between the E’s and the new, vector quarks, will arise quadratically through dimension
5 terms, which preserve E-parity. the simplest of which is,
LΨ(5) =
c0
M
Ψ¯(q−1∇µq)(q−1∇µq)Ψ (16)
This introduces a parameters c0. which is a function of the original coupling constants, g
and f as they arise from one loop diagrams. A simple calculation[27] shows that
c0 ≈ 1
pi2
g2(g2 + f 2)
mq
M
(17)
where mq is the vector quark mass. As f is a new parameter, it can be traded for c0.
We now can fix the SL(3, C)/(SU(3)) part of the gauge invariance, by setting,
∂µq = 0. (18)
This is a consistent gauge choice because in any gauge the q field equation is equal to
the covariant divergence of the Bµ field equations[8, 9]. This leaves a global SL(3, C)
symmetry but breaks the local symmetry down to SU(3). We note that
q−1∇µq|∂νq=0 = −2Bµ (19)
E-parity now becomes
Bµ → −Bµ, Aµ → Aµ (20)
The E-parity invariant action now greatly simplifies to
L = − 1
4g2
Tr[fµν(A) + [Bµ, Bν ]]
2 − 1
4f 2
Tr[WµνW
µν ]
+
M2
2
Tr(BµB
µ) +
1
8h
Tr(DµBµ)2
− λ
′
1
4
[Tr(BµB
µ)]2 − λ2
4
[Tr(BµBν)]
2 (21)
where
λ′1 = λ1 −
8
h
(22)
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3 The physics
The quantization of this theory, with and without the h−1 term, is discussed in detail in
[8, 9, 10].
The 1/h term gives a kinetic energy to B0. That gives us four degrees of freedom
per gauge generator of SL(3, C)/SU(3). In the ∂µq = 0 gauge the B- propagator has the
form[9]
Dµν(p
2) = ı
ηµν − pµpνp2
p2 +M2 + ı
+
ıpµpν
p2
p2
h
+M2 + ı
(23)
We choose h > 0 in which case there is neither a longitudinal ghost nor a tachyon. We can
choose to take h very large so that the longitudinal pole occurs at much higher than LHC
energies.
The theory given by eq. (13) is renormalizable and indeed asymptotically free in both
g2 and f 2, but there are issues of stability of the perturbative ground state, as discussed in
[9]. These issues are slightly analogous to the issues that arise in the Stelle renormalizable
extension ofGR but not precisely the same as there are no higher derivatives in this gauge.
These issues may be resolvable by asymptotic safety or the Lee-Wick mechanism. But as
these are presently unresolved, here we are going to take the limit h → ∞ and avoid
these issues. We will treat the theory given by eq (2) as an effective field theory with an
unknown ultraviolet completion.
When p2 << −hM2 the propagator becomes the one of the effective theory,
Dµν(p
2) = ı
ηµν − pµpνp2
p2 −M2 + ı +
ıpµpν
p2
M2
. (24)
The theory we will consider is the effective action including the dimension five cou-
plings of B’s to quarks.
L = − 1
4g2
Tr[fµν(A) + [Bµ, Bν ]]
2 − 1
4f 2
Tr[WµνW
µν ]
+
M2
2
Tr(BµB
µ) + Ψ¯γµDµΨ + h.c.+mqΨ¯Ψ + c0
M
Ψ¯BµB
µΨ (25)
Below the mass scale M this is QCD. We have an octet of coloured massive vector
bosons, Bµ, which come from the SL(3, C)/SU(3) gauge fields. Thus we have a mecha-
nism analogous to the Higgs mechanism in which the low energy symmetry has spon-
taneously broken from SL(3, C) to SU(3). We then have an elegant extension of QCD
which adds an octet of heavy gluons in a way that is controlled by one dimensionless
constant and one mass.
The gluons couple to the Bµ’s by several terms. E-parity enforces that all of these are
quadratic in Bµ.
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Bf
Figure 1: Production of two photons from a bound scalar state through a quark loop
There is the cubic coupling
(g +
f 2
g
)Tr((∂µBν − ∂νBµ)[Aµ, Bν ]) (26)
and the quartic coupling by which a pair of gluons converts to a pair of Bµ’s.
g2(1 +
f 2
g2
)Tr[Aµ, Bν ]2 (27)
There is finally a term by which a pair of E’s can convert to a pair of quarks
c0
M
Ψ†BµBµΨ (28)
4 Could this explain the new particle at the LHC?
The E boson is a massive coloured octet, thus it cannot appear as a final state but must be
confined into coloured singlets. There are three kinds of bound states we have to consider.
• Bound states of two E’s. They can have spin zero or spin two. The spin 0 particles
have even parity, we will call them S. They have masses around (2− α2S)M and are
neutral. These have zero E-parity and can decay directly back to pairs of gluons.
These can also decay to pairs of photons via the dimension 5 coupling shown in eq
(16), followed by a vector quark loop as shown in Figure 1. They are candidates for
the diphoton resonance.
The production and decay of these bound states should be similar to quarkonium,
the bound states of heavy quarks[22, 23]. If this is the correct interpretation, we
expect a spectrum of excited states with spacings of order ∆M ≈ α2SM ≈ 4Gev.
The decay of these mesons into photons goes through a loop of vector quarks through
the dimension 5 couplings in the lagrangian (16,25), as shown in Figure 1. This is
controlled at leading order by the coupling constant, c0 (which is determined by the
new constant f , through (17).).
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The lowest order decay rate of the E’s to two photons via a quark loop will be
roughly[22, 26, 27]:
Γ(S → γγ) ∼ 3
16pi
c20α
3
Sα
2
m2q
M
(29)
where αS ≈ .1 at these scales. The factor α3S comes from the wave function at the
origin.
λ3M |Ψ(0)|2 =
λ3M
a3Bohr
= α3S (30)
The question is whether the vector quark mass mq can be chosen so that this process
is not too much dominated by the decay back through a pair of gluons, which is
roughly,
Γ(S → gg) ∼ (g2 + f 2)2α3SM. (31)
To see whether this can be achieved, we note the following. First, ATLAS has just
put a lower bound of 4.4 TeV on the mass of any new vector quark[25]. Thus
m2q
M2
> 137 (32)
However, the measured (if the state is real) partial cross section of two gluons to S
and back to two photons, is[1, 2]
σ(gg → S)BS→γγ ≈ 5 fb (33)
At the same time there are recent limits from CMS on the partial cross section to
two gluons[24],
σ(gg → S)BS→gg < 1000 fb (34)
The decay through gluons is expected to dominate, and indeed we see from (33) and
(36) that the ratio
R =
Γ(S → γγ)
Γ(S → gg) >
1
200
(35)
This agrees with an estimate for the rough value of the cross section for gluon fusion
to S is
σ(gg → S) = (g2 + f 2)2α3SM2 > 10fb(1 +
f 2
g2
)2 (36)
where (g2 + f 2)2 comes from the vertices and α3S comes from the wave function at
the origin.
But we have, from (29) and (31)
R =
Γ(S → γγ)
Γ(S → gg) ≈ 3 · c
2
0
m2q
M2
α2
(g2 + f 2)2
(37)
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this implies, using (17) that
R ≈ 3
pi4
m4q
M4
α2α2s >
1
200
(38)
This implies very roughly that
mq
M
> 20 (39)
which is consistent with the observed bound (32) that mq
M
> 12.
Finally, we see from (30) that the width is roughly ∆ ≈ .5MeV which is indeed
narrow.
• Single Bµ states with E-parity equal to one and no quarks. These can be thought of
as a bound state of a E with a gluon. They can have spin zero or spin two. They
have masses around M and are neutral.
By E-parity, these are stable and are hence dark matter candidates. They are not
candidates for the diphoton resonance.
As strongly interacting dark matter candidates they face strict limits, and cannot be
a dominant component of dark matter. Their density will be lowered by the fact that
they annihilate in pairs. It should be possible to estimate the relic density and see if
it is under the existing limits.
• Single Bµ states with E-parity equal to one and a quark antiquark pair. These can
be thought of as a bound state of a E with a quark and an antiquark. They also have
masses around M and electroweak charges.
These are like very heavy mesons and decay to neutrinos and muons and the first
kind.
5 Conclusions
In this paper we have put forward a tentative hypothesis for the new state at 750 GeV
possibly seen at the LHC. This is that it is a colour singlet bound state of pair of heavy
gluons. We impose a conservation law, E-parity, which requires that the heavy gluons
can only be created or annihilated in pairs. This forces their coupling to quarks to go
through a dimension 5 operator. Further, only a new generation of vector quarks can
couple directly to the E’s, preserving E-parity. We argued that the resulting physics is at
least roughly consistent with what is known of the new resonance. We see this from the
fact that we can roughly match the observed cross sections and limits with a value for the
dimensionless parameter of the dimension 5 coupling of the bound state to vector quarks
of order unity.
We then discussed one very natural extension of the standard model which realizes
these hypotheses. This is based on an extenson of the color SU(3) gauge invariance to
11
SL(3, C), consistent with maintaining the principle that the energy is bounded from be-
low. This kind of extension was proposed in the early 1980’s as a route to unifying gauge
theory with gravity[3, 4, 5, 6], as they involve a dynamical internal metric. This is an
example of a possible consequences of a unification of gravity with particle physics.
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